Voltage-holding data for three quadrupole electrode sizes and inter-electrode spacings are reported. The dependence of the breakdown voltage on system size and its influence on the optimum quadrupole size for beam transport in a multiple beam array are discussed.
I. INTRODUCTION
A number of designs for a heavy ion induction linac to be used as a driver for inertial confinement fusion (ICF) incorporate electrostatic quadrupoles as elements in an altematinggradient-focusing lattice in the low-energy portion. This arises from the efficiency of the electrostatic quadrupole, in particular at low ion velocity, when compared to the magnetic quadrupole. Important objectives in designing a driver in this application intended for commercial electricity generation are efficiency and cost minimization, and thus, optimization of the beam current transported along the accelerator. To accelerate the large charge necessary to drive ICF, about 400 pC/pulse, it is advantageous to use multiple parallel beams which are focused in individual transport channels but are accelerated by common induction modules. Other things being equal, the cost of the accelerator decreases as the volume occupied by this charge decreases. The advantages of electrostatic quadrupoles are low manufacturing cost, economical operation, and the ability to transport a large amount of charge. The primary disadvantage is the risk of electrical breakdown either between the quadrupole electrodes, across the insulating supports or at the high-voltage feedthrough. Figure 1 shows a schematic of the quadrupole geometry transverse to the beam axis. Field quality is an important issue, due to the necessity of maintaining low emittance so that beam combining and final focusing requirements may be achieved. In this work we have used the "ideal quadrupole geometry" which has circular cylindrical electrodes with S/7 of the aperture diameter for their diameter. With this ratio the fields in the overlap region are almost purely quadrupolar and the dodecapole component vanishes [ 13. Longitudinally, the structure is interdigitated, shown in Fig. 3 , where the quadrupole electrodes are cantilevered from opposite polarity end plates, and peripheral insulators hold the assembly together. The basic electrode structure in Figs. 1 and 3 is repeated in order to accommodate multiple beams in a single induction core. If perfect manufacturing and alignment were possible, then the optimum solution would be a very large number of microscopic beams --the examination of this possibility was advocated by Maschke[3] with the Meqalac concept. Closely related to the question of the number of beams to be used is the beam-combining process. The geometric and space charge dilution of emittance from combining and the low emittance required by the final focusing system limit the number of beam combinings to one or two. In the low energy section a very large number of beams is desired, whereas, in most of the accelerator, the lowest cost is found for a small number of beams. For final focusing, however, a larger number is desirable again. With the present understanding of these matters, the driver would have about SO electrostatically-focused beams in the front end, and 20 magnetically-focused beams in the remainder.
A common formulation of the beam transport is given by solutions to the Kapchinskij-Vladimirskij envelope equations, in terms of hard-edge equivalent fields with an occupancy of focusing fields, q, and a half period, L. The transportable line charge density, h, is where a is the maximum beam radius, R is the aperture radius and ~( l -p * ) -'~ is the Lorentz transformation parameter. The factor k is a scaled intensity/(beam envelope area) parameter which is a monotonically increasing function of q and the undepressed tune (single-particle, betatron phase advance per cell) 0 , . Beam stability considerations dictate a maximum allowable 0, of 85O-9Oo [4] . The standard clearance prescription has been (EQ 2) This is based on experiments [5] and simulations which showed undesirable image effects for high-intensity beams which filled more than about 80% of the aperture (the factor 1.25) and the expected growth with distance of coherent oscillations from misalignment, field errors and mismatches (the +1 cm term?). With these constraints, it can be shown that h is an increasing function of T, with the greatest increase in the first several MeV of the accelerator. The optimum transportable charge per unit volume (p) may be considered as the figure of ment, which is proportional to h/p2. Obviously, there is no limit on h as the channel size is increased. The dependence of Vq on R has been unknown due to the complicated three-dimensional nature of the fields, the presence of insulators, and the ambiguities of the breakdown process. The vacuum breakdown dependence for simpler situations has been measured to be linear for gaps smaller than 1 cm, and for p 5 cm, with a transition region in between. Based partly on these simpler systems, and the clearance prescription of Eq. 2, it has long been thought that the optimum aperture radius is near 3 cm, with an electrode to electrode gap near 2 cm. Figure 2 illustrates the FOM for the ??
%e +1 cm clearance is excessive right at the entrance to the accelerator, because the coherent oscillations require some distance to develop. Therefore, the clearance could initially be decreased from that given by eq. 2, and h increased.
linear and square root dependences. The impact on the cost of an induction linac dnver is significant, since an aperture difference of AR= 0.6 cm translates into a 20% reduction in p , and in the overall focusing array diameter. For typical parameters this is a 15% change in the amount of induction core material needed to supply the required acceleration gradient.
The quadrupoles should be operated at approximately one-half of their breakdown voltage, V, , , , which is consistent with the operation of other high-voltage apparatus. V, , is not a well defined quantity because it varies with electrode materials, surface finish, contaminants and high-voltage conditioning. For a multiple beam array nested inside the induction cores, it would not be practical to bake such a large system in situ, nor would it be desirable to heat the quadrupoles because of their precision alignment. In this application, the statistics and physics in the operation of a large array would lower the operating voltage, as would small, unavoidable beam spills.
EXPERIMENTAL SETUP
The issues of alignment tolerances and the difficulties associated with supporting the quadrupoles horizontally in an accelerator lead to consideration of hollow electrode designs and insulator supports that are not necessarily normal to the endplates or parallel to the electrodes. In order to expedite and simplify the interpretation of the results, these considerations were not included in the design of the quadrupoles tested in the experiment described here (see Fig. 3 ). The goal of the experiment was to study the voltage holding characteristics of the quadrupolar electrode geometry in order to determine the optimum electrode size and spacing. Once this is established, future studies will address the issues of alignment and compact design, based on V, , , determined in this simpler experiment.
Since it was desired to have the controlling mechanism for breakdown be vacuum discharges between electrodes, the insulating supports were placed rather far away from the quadrupole electrodes. The electrodes and end-plates were solid stainless steel, and the insulating supports were made of 98% alumina (A1203). Three sets of electrodes with hemispherical ends were constructed and arranged as described in Table I .
Events at the interface between vacuum, dielectric, and conductor (triple-point) have been known to be controlling mechanisms for surface breakdown due to the high field concentration and field emission at the junction. To mitigate these effects, conducting shielding structures ("flower pots") were designed to reduce the field stress at the triple point. These flower pots also shielded the potentially high field region at the end of the supporting set screw that secured the insulator. For each of the three measurements, high voltage from two (-3OOkV/1 .OmA maximum and +80kV/15mA maximum) Glassman DC power supplies was supplied to the opposing endplates. The quadrupole rested vertically on a high-voltage feedthrough connected to the -300-kV power supply. The pressure in the 1 m diameter x 3 m long vacuum tank was measured to be 0.5-5~10-~ TOIT with an ionization gauge a few meters away from the quadrupole. 
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The breakdown voltage for each quadrupole geometry was reached after about one day of pumping followed by about one-half day of conditioning, during which the vacuum system --including the quadrupole under test --was outgassing. Breakdown was evident by current and voltage fluctuations on the power supplies, by pressure fluctuations, concurrent visible light emission from the electrodes and fluorescence from the insulators. Slightly above V, , , the frequency of breakdown increased sharply, while slightly below V, , the voltage stability improved substantially. This stability was, however, not complete: occasional surface discharges were still visible from the supporting insulators below Vmm. In addition, X-ray production was detected below V, , , .
The source of these X-rays is not completely clear, though it was determined to be associated with imperfections in the geometry of the 300-kV vacuum feed-through. In fact, the voltageholding capability of the 300-kV feed-through alone was inferior to that of the tested quadrupoles, and this enigmatic behavior is still under study. The possible impact of the flux of X-rays on the voltage holding of the quadrupoles was a serious concem, and was studied and minimized by varying the bias between the positive and negative power supplies. It is clear from Fig. 4 that the experimentally-determined V, , varies nearly as & in the R=2-3 cm region of interest.
Thus the relevant figure of merit curve has a maximum at Rz2.3 cm in Fig. 2 . Regarding the breakdown between the stainless steel electrodes, possible mechanisms of high-voltage vacuum breakdown have been discussed in the literature extensively in the past few decades, and no single mechanism has been uniquely identified as responsible. For example: electrons produced from microprotrusions on the cathode surface heat both the anode and the cathode and the melted ~ 123 microprotrusions may give rise to metallic ejection which could initiate a spark. Another mechanism is that the electrons bombard the anode surface producing desorbing gas which may have adverse effects on the local vacuum pressure. In summary, we have measured the breakdown voltage vs. size relation for electrostatic quadrupoles designed for use in induction linacs for heavy ion fusion drivers. The breakdown dependence (measured in a beam-free vacuum) is proportional to R0.5 in the region of interest, and the optimum aperture radius is 2.3 cm. Assuming the aperture-filling prescription of Eq. 2, the resulting transportable charge may be estimated: Assuming that a conservative operating point is Vq I f0.6 ( Vm,,/2) = +71kV the corresponding line charge density approaches b0.19 pC/m at T=65 MeV. Likewise, the beam volume charge density averaged over the quadrupole structure would be h/p2=38pC/m3 in a multiple beam array.
This does not include edge effects of electrode packing and space required for high voltage holdoff at the periphery, which are minor corrections for a large array.
